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Abstrat
We examine the eet of the Z-boson transverse momentum distribution measured at the Run-1 of
the Tevatron on the nonperturbative funtion of the Collins-Soper-Sterman (CSS) formalism, whih
resums large logarithmi terms from multiple soft gluon emission in hadron ollisions. The inlusion
of the Tevatron Run-1 Z boson data strongly favors a Gaussian form of the CSS nonperturbative
funtion, when ombined with the other low energy Drell-Yan data in a global t.
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I. INTRODUCTION
In hadron-hadron ollisions, the transverse momentum of Drell-Yan pairs or weak gauge
bosons (W± and Z) is generated by emission of gluons and quarks, as predited by Quan-
tum Chromodynamis (QCD). Therefore, in order to test the QCD theory or eletroweak
properties of the vetor bosons, it is neessary to inlude the eets of multiple gluon emis-
sion. One theoretial framework designed to aount for these eets is the resummation
formalism developed by Collins, Soper, and Sterman (CSS) [1℄, whih has been applied to
study prodution of single [25, and referenes therein℄ and double [6, 7℄ eletroweak gauge
bosons, as well as Higgs bosons [8℄, at hadron olliders. Just as the nonperturbative fun-
tions, i.e., parton distribution funtions (PDF's), are needed in order to predit inlusive
rates, an additional nonperturbative funtion, W˜NP
jk¯
, is required in the CSS formalism to
desribe the transverse momentum of, say, weak bosons. Many studies have been performed
in the literature to determine W˜NP
jk¯
using the available low energy Drell-Yan data [5, 913℄.
In partiular, in Ref. [11℄ three of us have examined various funtional forms of W˜NP
jk¯
to
test the universality of the CSS formalism in desribing the Drell-Yan and weak boson data.
The result of that study was summarized in Table II of Ref. [11℄. In addition, that paper
made several important observations, as to be disussed below. First, neither the DWS form
(f. Eq. (10)) nor the LY form (f. Eq. (11)) of the nonperturbative funtion W˜NP
jk¯
ould
simultaneously desribe the Drell-Yan data in a straightforward global t of the experiments
R209 [14℄, E605 [15℄, and E288 [16℄, as well as the Tevatron Run 0 Z boson data from the
CDF ollaboration [17℄. Hene, it was deided in Ref. [11℄ to rst t only the rst two
mass bins (7 < Q < 8GeV and 8 < Q < 9GeV) of the E605 data and all of the R209
and the CDF-Z boson data in the initial ts A2 and A3. In total, 31 data points were
onsidered. We allowed the normalization of the R209 and E605 data to oat within their
overall systemati normalization errors, while xing the normalization of the CDF-Z Run
0 data to unity. Seond, after the initial ts, we alulated the remaining three high-mass
bins of the E605 data not used in Fits A2,3 and found a reasonable agreement with the
experimental data. In order to ompare with the E288 data, we reated Fits N2,3, in whih
we xed the funtions W˜NP
jk¯
to those obtained from Fit A3 and performed a t for NORM
(the tted normalization fator applied to the predition urves for a given data set) for the
E288 data alone. We found that the quality of the t for the E288 data is very similar to
1
that for the E605 data, and that the normalizations were then aeptably within the range
quoted by the experiment. Hene, we onluded that the tted funtions W˜NP
jk¯
reasonably
desribe the wide-ranging, omplete set of data, in the sense disussed above. Third, most
importantly, we found that the omplete set of data available in that t was not yet preise
enough to learly separate the g2 and g1g3 parameters within a pure Gaussian form of W˜
NP
jk¯
with x dependene similar to that of the LY form. This Gaussian form is given expliitly in
Eq. (12).
In this paper, we show that, after inluding the transverse momentum distributions of the
Z bosons measured by the DØ [18℄ and CDF ollaborations [19℄ in Run-1 at the Fermilab
Tevatron, we are able for the rst time to perform a truly global t of the nonperturbative
funtion W˜NP
jk¯
to the omplete set of data on vetor boson prodution. In this t, the data
from the experiments R209, E605, and E288, as well as the Tevatron Run-1 Z data are
treated on the same footing. We emphasize that in this new t, the E288 data are also
inluded in the global t, in ontrast to the study done in Ref. [11℄. Furthermore, we show
that the Gaussian form of W˜NP
jk¯
given in Eq. (12) learly ts the data the best, as ompared
to either the updated DWS form (10) or updated LY form (11). These nie features are
driven by the inlusion of the Run 1 Z data, for these data determine the g2 oeient with
good auray by separating the ontributions from g2 and g1g3.
This paper is organized as follows. In Setion II, we briey review the CSS formalism
with an emphasis on its nonperturbative setor. In Setion III, we desribe in detail the
results of our ts. In Setion IV, we disuss various aspets of our study and omment on the
validity of our approah to the treatment of the nonperturbative region. Setion V ontains
onlusions.
II. COLLINS-SOPER-STERMAN RESUMMATION FORMALISM
As an example, we onsider prodution of a vetor boson V in the ollision of two hadrons
h1 and h2. In the CSS resummation formalism, the ross setion for this proess is written
in the form
dσ(h1h2 → V X)
dQ2 dQ2Tdy
=
1
(2pi)2
δ
(
Q2 −M2V
) ∫
d2b ei
~QT ·~bW˜jk¯(b, Q, x1, x2) + Y (QT , Q, x1, x2), (1)
2
where Q, QT , and y are the invariant mass, transverse momentum, and the rapidity of the
vetor boson V . The Born-level parton momentum frations are dened as x1 = e
yQ/
√
S
and x2 = e
−yQ/
√
S, with
√
S being the enter-of-mass (CM) energy of the hadrons h1 and
h2. We will refer to the integral over the impat parameter b in Eq. (1) as the W˜ -term. Y is
the regular piee, whih an be obtained by subtrating the singular terms from the exat
xed-order result. The quantity W˜jk¯ satises a set of renormalization- and gauge-group
equations [20℄ with the solution of the form
W˜jk¯(b, Q, x1, x2) = e
−S(Q,b,C1,C2)W˜jk¯
(
b,
C1
C2b
, x1, x2
)
, (2)
where C1 and C2 are onstants of order unity, and the Sudakov exponent is dened as
S(Q, b, C1, C2) =
∫ C2
2
Q2
C2
1
/b2
dµ2
µ2
[
A (αs(µ), C1) ln
(
C22Q
2
µ2
)
+ B (αs(µ), C1, C2)
]
. (3)
The dependene of W˜jk¯
(
b, C1
C2b
, x1, x2
)
on x1 and x2 fatorizes as
W˜jk¯
(
b,
C1
C2b
, x1, x2
)
=
∑
j,k¯
σ0
S
Pjh1
(
x1, b,
C1
C2b
)
P k¯h2
(
x2, b,
C1
C2b
)
+ (j ↔ k¯). (4)
In the perturbative region, i.e., at b2 ≪ 1/Λ2QCD, the funtion Pjh an be expressed as
a onvolution of the parton distribution funtions fa/h with alulable Wilson oeient
funtions Cja:
Pjh
(
x, b,
C1
C2b
)
=
∑
a
∫ 1
x
dξ
ξ
Cja
(
x
ξ
, b,
C1
C2b
, µ =
C3
b
)
fa/h
(
ξ, µ =
C3
b
)
. (5)
The sum over the index a is over all types of inoming partons. The sum over the index
j(k¯) is over all quarks (antiquarks). The oeient σ0 inludes onstant fators and quark
ouplings from the leading-order ross setion, whih an be found, e.g., in Ref. [1℄. The
fatorization sale µ on the r.h.s. of Eq. (5) is xed to be C3/b.
A few omments should be made about this formalism:
• If both Q and 1/b are muh larger than the typial internal hadroni sale ΛQCD,
the A, B and C funtions an be alulated order-by-order in αs. In our t, we shall
inlude the A and B funtions up to O(α2s), and C funtions up to O(αs).
• A speial hoie an be made for the renormalization onstants Ci to remove some of
the logarithms in W˜jk¯(b, Q, x1, x2). This anonial hoie is C1 = C3 = 2e
−γE ≡ b0
3
and C2 = C1/b0 = 1, where γE is the Euler's onstant. We shall use this hoie in our
alulations.
• In Eq. (1), the variable b is integrated from 0 to ∞. When b & 1 GeV−1, the per-
turbative alulation for W˜jk¯(b, Q, x1, x2) is no longer reliable, and ompliated long-
distane physis omes in. Furthermore, even in the perturbative region (b . 1 GeV−1)
W˜jk¯(b, Q, x1, x2)may ontain some small nonperturbative terms, whih arise, e.g., from
power orretions to the CSS evolution equations. It is important to emphasize that
signiane of nonperturbative ontributions of both types is drastially redued when
Q is of order of the W, Z boson masses or higher [1℄. For those Q, the most part of the
QT distribution an be predited based purely on the perturbative alulation, with
the exeption of the region of QT below a few GeV, where sizeable sensitivity to the
nonperturbative input remains [2, 9℄.
Aording to the ommon assumption, nonperturbative ontributions to W˜jk¯(b, Q, x1, x2)
an be approximated by some phenomenologial model with measurable and universal
1
pa-
rameters. Collins, Soper, and Sterman [1℄ suggested the introdution of the nonperturbative
terms in the form of an additional fator W˜NP
jk¯
(b, Q, x1, x2), usually referred to as the non-
perturbative Sudakov funtion. More preisely, the form fator W˜jk¯(b, Q, x1, x2) in Eq. (1)
is expressed in terms of its perturbative part W˜ pert
jk¯
and nonperturbative funtion W˜NP
jk¯
as
2
W˜jk¯(b) = W˜
pert
jk¯
(b∗)W˜
NP
jk¯ (b) , (6)
with
b∗ =
b√
1 + (b/bmax)2
. (7)
In numerial alulations, bmax is typially set to be of order of 1 GeV
−1
. The variable
b∗ never exeeds bmax, so that W˜
pert
jk¯
(b∗) an be reliably alulated in perturbation theory
for all values of b. Based upon the renormalization group analysis, Ref. [1℄ found that the
nonperturbative funtion an be generally written as
W˜NPjk¯ (b, Q,Q0, x1, x2) = exp
[
−F1(b) ln
(
Q2
Q20
)
− Fj/h1(x1, b)− Fk¯/h2(x2, b)
]
, (8)
1
Here, we mean universal in the ontext of Drell-Yan-like proesses, in whih the initial state of the Born
level proess involves only quarks and antiquarks, and the observed nal state does not partiipate in
strong interations.
2
Here and after, we suppress the arguments Q, x1 and x2, and denote W˜jk¯(b,Q, x1, x2) as W˜jk¯(b), et.
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where F1, Fj/h1 and Fk¯/h2 must be extrated from the data, with the onstraint that
W˜NPjk¯ (b = 0) = 1. (9)
Furthermore, F1 depends only on b. Fj/h1 and Fk¯/h2 in general depend on x1 or x2, and their
values an depend on the avor of the initial-state partons (j and k¯ in this ase). Later,
it was shown in Ref. [21℄ that the F1(b) ln
(
Q2
Q2
0
)
dependene is also suggested by infrared
renormalon ontributions to the form fator W˜jk¯(b, Q, x1, x2). The CSS resummation for-
malism suggests that the nonperturbative funtion is universal. Its role is analogous to that
of the parton distribution funtion in any xed-order perturbative alulation. In partiular,
its origin is due to the long-distane eets that are inalulable at the present time, and
its value must be determined from data.
As disussed in Ref. [11℄, we will onsider three dierent funtional forms for W˜NP
jk¯
.
They are
• the 2-parameter pure Gaussian form, alled the Davies-Webber-Stirling (DWS) form
[9℄,
exp
[
−g1 − g2 ln
(
Q
2Q0
)]
b2; (10)
• the Ladinsky-Yuan (LY) form [10℄,
exp
{[
−g1 − g2 ln
(
Q
2Q0
)]
b2 − [g1g3 ln(100x1x2)] b
}
, (11)
whih has a logarithmi x-dependent term linear in b;
• and the 3-parameter pure Gaussian form, alled the Brok-Landry-Nadolsky-Yuan
(BLNY) form,
exp
[
−g1 − g2 ln
(
Q
2Q0
)
− g1g3 ln (100x1x2)
]
b2. (12)
We will refer to the updated DWS and LY parameterizations obtained in the urrent global
t as DWS-G and LY-G parameterizations, respetively, to distinguish them from the
original DWS and LY parameterizations [9, 10℄ obtained in (non-global) ts to a part of the
urrent data.
5
Table I: Vetor boson prodution data used in this analysis. Here, δNexp is the published normal-
ization unertainty for eah experiment.
Experiment Referene Reation
√
S (GeV) δNexp
R209 [14℄ p+ p→ µ+µ− +X 62 10%
E605 [15℄ p+ Cu→ µ+µ− +X 38.8 15%
E288 [16℄ p+ Cu→ µ+µ− +X 27.4 25%
CDF-Z [17℄ p+ p¯→ Z +X 1800 
(Run-0)
DØ -Z [18℄ p+ p¯→ Z +X 1800 4.3%
(Run-1)
CDF-Z [19℄ p+ p¯→ Z +X 1800 3.9%
(Run-1)
III. RESULTS OF THE GLOBAL FITS
In order to examine the impat of inluding the Z boson data from the Run-1 of the
Tevatron on the global ts and ompare the new results to those given in Ref. [11℄, our
theory alulations will onsistently use CTEQ3M PDF's [22℄.
3
For the same reason, we
take Q0 = 1.6 GeV and bmax = 0.5 GeV
−1
in all ts.
As disussed in the previous setions, our primary goal is to determine the nonper-
turbative funtion of the CSS resummation formalism. Hene, we need to inlude those
experimental data, for whih the nonperturbative part dominates the transverse momen-
tum distributions. This requirement suggests using the low-energy xed-target or ollider
Drell-Yan data in the region where the transverse momentum QT of the lepton pair is muh
smaller than its invariant mass Q. Beause the CSS formalism better desribes prodution
of Drell-Yan pairs in the entral rapidity region (as dened in the enter-of-mass frame of
the initial-state hadrons), we shall onentrate on the data with those properties. Based
upon the above riteria, we hose to onsider data from the experiments listed in Table I
and in kinematial ranges shown in Table II. We have also examined the E772 data [23℄
3
In priniple, the non-perturbative funtion depends on the hoie of the PDF's. However, we will argue
later that this dependene an be urrently negleted within the auray of the existing data.
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Table II: The data sets used for the t. PT and Q denote the published transverse momentum and
mass of the Drell-Yan pair or the Z boson, respetively.
Experiment PT range Q range
(GeV) (GeV)
R209 0.0 - 1.8 5.0 - 11.0
E605 0.0 - 1.4 7.0 - 9.0 & 10.5 - 18.0
E288 0.0 - 1.4 5.0 - 9.0
CDF-Z 0.0 - 22.8 91.19
(Run-0)
DØ -Z 0.0 - 22.0 91.19
(Run-1)
CDF-Z 0.0 - 22.0 91.19
(Run-1)
from the proess p+H2 → µ+µ−+X at
√
S = 56.6GeV and found them inompatible with
the rest of the data sets. Hene the E772 data were not inluded in the presented ts.
4
The theoretial ross setions were alulated with the help of the resummation pakage
Legay, whih was also used in previous tting [10, 11℄ and analytial studies [3, 4, 6, 7, 25
27℄, as well as for generating input ross setion grids for ResBos Monte-Carlo integration
program [4℄. This pakage is a high-performane tool for alulation of the resummed ross
setions, with the omputational speed inreased by up to a fator 800 after the reorganiza-
tion and translation of the soure ode into C/C++ programming language in 1999-2001.
During the preparation of this paper, we onrmed the stability of the numerial alula-
tion of the resummed ross setions (1) by omparing the output of several Fourier-Bessel
transform routines based on dierent algorithms (adaptive integration, Fast Fourier-Bessel
transform [28℄, and Wolfram Researh Mathematia 4.1 NIntegrate funtion). Spei-
ally, the outputs of three routines are in a very good agreement at all values of QT . For
instane, the Z boson ross setions presented in this paper and Ref. [11℄ are alulated with
4
For the best-t values of gi given below, the theory predition for the E772 experiment is typially smaller
than the data by a fator of 2. Similarly, the E772 data are not well t in the CTEQ global analysis of
parton distribution funtions [24℄.
7
the relative numerial error less than 0.5% at QT . 50 GeV and less than 1−2% at QT & 50
GeV. Note that the relative error of about 1% is omparable with the size of higher-order
(NNLO) orretions, as well as numerial unertainties in the existing two-loop PDF sets.
More details on the tests of auray of the resummation pakage will be presented elsewhere
[29℄.
5
Using the above sets of the experimental data, we t the values of the nonperturbative
parameters g1, g2 and g3 in the DWS-G form (10), LY-G form (11), and BLNY form (12)
of the nonperturbative funtion W˜NP
jk¯
(b, Q,Q0, x1, x2). Sine we allow the normalizations
for the data to oat within the overall systemati normalization errors published by the
experiments, the best-t values of g1, g2 and g3 are orrelated with the best-t values of
the data normalization fators Nfit (individually applied to eah data set). Note that the
normalization of the CDF-Z Run 0 data was xed to unity due to their poor statistis as
ompared to the Run-1 data.
Table III summarizes our results. To illustrate the quality of eah t, Figs. 1-5 ompare
theory alulations for the DWS-G, LY-G, and BLNY parameterizations to eah data set.
We emphasize again that the new LY-G parameterization presented in Table III was obtained
by applying the onventional global tting proedure to the enlarged data set listed in
Tables I and II. In ontrast, the original LY t in Ref. [10℄ was obtained by rst tting the
g2 parameter using the CDF-Z Run 0 and R209 data, and then tting g1 and g3 parameters
after inluding the other available Drell-Yan data (whih is a small subset of the data in the
urrent t).
It is evident that the Gaussian BLNY parameterization ts the whole data sample no-
tieably better than the other two parameterizations, both in terms of χ2 per degree of
freedom (dof) given in Table III and in terms of the pitorial omparison in Figs. 1-5. When
ompared to the Run-1 Z data, the DWS-G and LY-G ts both fail to math the height and
position of the peak in the transverse momentum distribution (Figs. 4 and 5). Similarly,
aording to Fig. 3, the BLNY parameterization leads to the best agreement with the E288
data. The three ts are indistinguishable when ompared to the E605 data, f. Fig. 2. Fig. 1
shows a lear dierene between the BLNY t and the other two ts for the lowest mass bin
5
An interfae to the simplied version of Legay and online plotter of resummed transverse momentum
distributions are available on the Internet at http://hep.pa.msu.edu/wwwlegay/ .
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Table III: The results of the ts. Here, Nfit is the tted normalization for eah experiment.
a
Parameter DWS-G t LY-G t BLNY t
g1 0.016 0.02 0.21
g2 0.54 0.55 0.68
g3 0.00 -1.50 -0.60
CDF Z Run-0 1.00 1.00 1.00
Nfit (xed) (xed) (xed)
R209 1.02 1.01 0.86
Nfit
E605 1.15 1.07 1.00
Nfit
E288 1.23 1.28 1.19
Nfit
DØ Z Run-1 1.01 1.01 1.00
Nfit
CDF Z Run-1 0.89 0.90 0.89
Nfit
χ2 416 407 176
χ2/dof 3.47 3.42 1.48
a
Thus, by denition, NORM in Ref. [11℄ is equal to 1/Nfit.
of the R209 data (the upper data in the Figure). However, the χ2 ontribution from this
mass bin is about the same for all three ts.
The error on the tted nonperturbative parameters g1, g2 and g3 an be alulated by
examining the χ2 distribution of the t. For the BLNY form
W˜NPjk¯ (b, Q,Q0, x1, x2) = exp
[
−g1(1 + g3 ln (100x1x2))− g2 ln
(
Q
2Q0
)]
b2 (13)
with Q0 = 1.6 GeV and bmax = 0.5 GeV
−1
, we found that
g1 = 0.21
+0.01
−0.01 GeV
2 , g2 = 0.68
+0.01
−0.02 GeV
2 , g3 = −0.6+0.05−0.04. (14)
The errors in Eq. (14) were omputed as follows. First, χ2 values were alulated around their
9
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Figure 1: Comparison to the R209 data for the proess p+p→ µ+µ−+X proess at
√
S = 62GeV.
The data are the published experimental values. The urves are the results of the ts and are
multiplied by the best-t values of 1/Nfit given in Table III.
minimum χ2min in order to obtain, in essene, a three dimensional funtion χ
2(g1, g2, g3).
6
Next, we plotted an ellipsoid surfae determined by the ondition χ2(g1, g2, g3) = χ
2
min + 1
in the three-dimensional spae of parameters gi, f. Fig. 6. The extremes in eah oordinate
for this surfae were taken as the errors for the respetive parameters. Finally, we note that
using χ2min+1 as the ondene limit for determining the values of gi in the presene of sub-
stantial systemati errors is generally idealisti, for the experiments often make judgments
on systemati unertainties that are not of a Gaussian nature. Further disussion of this
issue an be found in the next Setion.
6
In this alulation, we sanned the values of g1 and g2 between 0 and 1, and g3 between −2 and 3.
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Figure 2: Comparison to the E605 data for the proess p + Cu → µ+µ− +X at
√
S = 38.8GeV.
The data are the published experimental values. The urves are the results of the ts multiplied
by the best-t values of 1/Nfit given in Table III.
IV. DISCUSSION
To t the omplete set of the experimental data (more than 100 data points), this analysis
introdued 3 free parameters (g1, g2 and g3) in the parameterization of W˜
NP
jk¯
, together with
the hosen values of the parameters Q0 and bmax. In this paper and Ref. [11℄, we have hosen
Q0 = 1.6 GeV, whih oinides with the lowest energy sale used in the CTEQ3M PDF set.
This hoie is nothing more than a matter of onveniene, sine it enfores positivity of
the logarithm ln(Q/2Q0) in the Q range of the tted data (Q ≥ 5 GeV). But Q0 does
not have to take that speial value, sine its variations an be ompensated for in the full
nonperturbative funtion W˜NP
jk¯
by adjusting parameters g1 and g3 (at g2 xed). For instane,
we ould have hosen Q0 to be equal to 1/bmax and rewrite Eq. (12) as
W˜NPjk¯ (b, Q,Q0, x1, x2) = exp
[
−g′1(1 + g
′
3 ln (100x1x2))− g
′
2 ln(Qbmax)
]
b2, (15)
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Figure 3: Comparison to the E288 data for the proess p+Cu→ µ+µ−+X at
√
S = 27.4GeV. The
data are the published experimental values. The urves are the results of the ts and are multiplied
by the best-t values of 1/Nfit given in Table III.
where g
′
2 = g2, g
′
1 = g1− g2 ln(2Q0bmax), and g
′
3 = g3g1/g
′
1. This new form of W˜
NP
jk¯
would be
ompletely idential to the original form in Eq. (12). Hene, the total number of parameters
needed to desribe W˜jk¯(b) in the used presription is four, i.e., gi and bmax.
While the parameter Q0 plays no dynamial role, the meaning of the parameter bmax is
quite dierent. Roughly speaking, its purpose is to separate nonperturbative eets from
perturbative ontributions through the introdution of the variable b∗ dened in Eq. (7).
Aording to its denition, the variable b∗ is pratially equal to b when b
2 ≪ b2max. For
b→∞, it asymptotially approahes bmax. Hene, in the fatorized CSS representation (6)
the perturbative part W˜ pert
jk¯
(b∗) approahes its exat value (evaluated at b) when b→ 0, and
it is frozen at b∗ ≈ bmax when b → ∞. While bmax should lie in the perturbative region to
make the omputation of W˜ pert
jk¯
(b∗) feasible, it is also desirable to make it as large as possible,
to redue deviations of W˜ pert
jk¯
from its exat behavior at smaller b. Note, however, that the
hanges in the behavior of W˜ pert
jk¯
due to the b∗ presription, suh as the loss of suppression of
12
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Figure 4: Comparison to the DØ -Z Run-1 data. The data are the published experimental values.
The urves are the results of the ts and are multiplied by the best-t values of 1/Nfit given in
Table III.
W˜ pert
jk¯
by the perturbative Sudakov fator at b & bmax, an be ompensated for by inreasing
the magnitude of the nonperturbative funtion W˜NP
jk¯
. Hene, in the b∗ presription the
nonperturbative funtion W˜NP
jk¯
generally serves a dual purpose of the parameterization for
truly nonperturbative eets and ompensation fator for modiations in W˜ pert
jk¯
due to the
b∗ variable. Consequently, the best-t parameterization of W˜
NP
jk¯
depends on the hoie of
bmax.
Based on the fat that the b∗ presription with the BLNY form of the non-perturbative
funtion provides an exellent t to the whole set of Drell-Yan-like data,
7
we onlude
that the b∗ presription remains an adequate method for studies of resummed QT distribu-
7
For example, as shown in Figs. 4 and 5, both the peak position and the shape of the transverse momentum
distribution of the Z boson measured by the DØ and CDF Collaborations at the Run-1 of the Tevatron
are very well desribed by the theory alulations. This feature is extremely important for the preision
measurement of the W boson mass at the Tevatron.
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Figure 5: Comparison to the CDF-Z Run-1 data. The data are the published experimental values.
The urves are the results of the ts and are multiplied by the best-t value of 1/Nfit given in
Table III.
tions.This, however, does not mean that future tests and improvements of this method will
not be neessary. For instane, one might onsider a larger value of bmax for the t. Up to
now, all the ts performed in the literature have taken bmax to be 0.5GeV
−1
. However, bmax
ould be hosen to be as large as b0/µ
0
F , where b0 = 2e
−γE ≈ 1.122..., and µ0F is the initial
energy sale for the PDF set in use. Several of the most reent PDF sets, suh as CTEQ6M
[32℄, MRST'2001 [33℄ and MRST'2002 [34℄, use µ0F as low as 1 GeV. Correspondingly, for
the new PDF sets bmax an be as large as 1.122 GeV
−1
. It will be interesting to test the
b∗ presription with suh inreased value of bmax in a future study. Moreover, an approah
alternative to the b∗ presription was reently proposed in Refs. [12, 13℄. Fig. 7 of Ref. [13℄
shows the omparison of this new theory alulation to the Run-1 CDF data, whih should
be ompared to Fig. 5 of this paper. Furthermore, in Refs. [30, 31℄, another method for per-
forming the extrapolation to the large-b region was proposed. To see the dierene between
the theory preditions for the Tevatron Z data, one an ompare Figs. 5 and 6 of Ref. [31℄
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Figure 6: Unertainty ontour and two dimensional projetions for the 3-parameter Gaussian BLNY
form t, f. Eq. (12).
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Figure 7: Transverse momentum distributions of Z bosons at the Tevatron Run-1. The theory
urves, alulated using the CTEQ6M PDF's [32℄ and the BLNY parameterization (solid line) or
the original LY parameterization, shown as dashed line, are ompared to the DØ data and CDF
data. The data urves have been multiplied by an overall normalization fator 1.0 in DØ data and
0.9 in CDF data.
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to Figs. 5 and 4 of this paper. In a forthoming publiation [29℄, we shall present a detailed
omparison of various methods for desription of large-b physis to the Tevatron Z data.
We would like to onlude this setion with a remark about the dependene of our results
on the hoie of parton distribution funtions. As noted above, the tted nonperturbative
funtion W˜NP
jk¯
(b) in the CSS resummation formalism is orrelated to the PDF's used in the
theory alulation. In the urrent t, we have hosen to use CTEQ3M PDF's to failitate
the omparison with the previous results in Ref. [11℄. The usage of a more modern PDF set
with the BLNY parameterization of W˜NP
jk¯
would result in a dierene of a few perent in
QT distributions. Currently, suh dierenes are of order of normalization errors quoted by
the experiments. Hene, good agreement between the theory and data an be obtained by
small normalization shifts in the data. We illustrate this point in Fig. 7, whih ompares
the Tevatron Run-1 Z data to the CSS resummation alulation performed using CTEQ6M
PDF's [32℄ and BLNY parameterization (12) with the best-t nonperturbative parameters
(14). By adjusting the normalization of the CDF data by the best-best value Nfit = 0.89
in Fig. 7, the theory is brought in a good agreement with both sets of the Run-1 Z data.
For omparison, we also show in Fig. 7 the predition from using CTEQ6M PDF's and the
original LY parametrization [10℄.
As the quality of the data improves in the future, the orrelation between the nonpertu-
bative funtion W˜NP
jk¯
(b) and PDF's will beome more important. Hene, it will be ertainly
desirable to repeat the work done in this paper using the most reent set of PDF's and
potentially perform the joint global analysis of the PDF's and CSS nonperturbative fun-
tion. Furthermore, as the statistial errors derease, orret treatment of the systemati
errors (whih are hardly of a Gaussian nature in many experiments) beomes ever more
neessary. Therefore, a method more elaborate than the simple riterion χ2min + 1 used
in the urrent analysis will be needed to determine the true ondene limit for the non-
perturbative funtion. Reently, new eient methods were proposed to perform the error
analysis on the nonperturbative parameters in the PDF's in the presene of systemati errors
[32, 34, 35℄. In the future, the same methods an also be applied to determine the errors for
the nonperturbative parameters g1, g2, and g3 in the BLNY nonperturbative funtion.
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V. CONCLUSIONS
We have shown for the rst time that the omplete set of low energy Drell-Yan data
(R209, E605 and E288) and the Tevatron Run-1 Z-boson data an be simultaneously de-
sribed by the CSS resummation formalism. This is the rst truly global t, whih treats
all the low energy Drell-Yan data and the Tevatron Z data on the same footing. This fat
strongly supports the universality of the CSS nonperturbative funtion W˜NP
jk¯
. Just as the
universality of the PDF's allows us to predit the inlusive rate for a sattering proess in
hadron ollisions, the universality of W˜NP
jk¯
allows us to predit the transverse momentum
distributions in prodution of single vetor bosons and other similar proesses at hadron
olliders. For example, if true, the resummation formalism an be applied not only to the
Drell-Yan pair prodution and W (or Z) boson prodution, but also to assoiated produ-
tion of Higgs and W (or Higgs and Z) bosons [26℄, diphoton prodution [6℄, ZZ (or WW )
pair prodution [7℄, and s-hannel neutral or harged Higgs boson prodution (indued from
quark fusion with large Yukawa oupling to Higgs boson) [27℄. When these proesses are
measured to a good auray, they an be used to further test the CSS resummation for-
malism. Just as the PDF's must be onstantly rened in order to t new experimental
data, the nonperturbative funtion W˜NP
jk¯
may also require modiation in the future. At
the urrent stage, the existing data shows remarkable preferene for a Gaussian form of the
nonperturbative funtion with Q dependene predited by the CSS formalism.
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